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Abstract
Check valves are a form of backflow prevention devices that are used in the utility services industry. Our
group has been assigned the task of designing a check valve for Zurn Wilkins that has a smaller pressure
drop while in use than the current Zurn 350XL model. A smaller pressure drop will allow for more efficient
water systems and will benefit the end consumer by allowing them to size down in piping. Zurn Wilkins
chose to do this project as a senior project to get outside opinions on how to accomplish the goal of improved
performance. The purpose of this report is to outline our design process up to this point. This includes
summarizing our background research, discussing our ideation and decision making processes, describing
our final design with analysis justifying our choices, and explaining the results of the testing performed on
our prototype.
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1. Introduction
We would like to thank our sponsor Zurn-Wilkins for the guidance and assistance received throughout the
project. It has been a pleasure working with Brian Yale, Chris Corral, and Reuben Westmoreland
throughout the project. Additionally, we appreciate the support offered by Brendon Morey for testing our
verification prototype. This project has provided our team with valuable experiences we will take forward
into industry.
Zurn-Wilkins has partnered with California Polytechnic State University, San Luis Obispo, to design a
check valve that results in a lower pressure loss than current designs. This document is the final in a series
of reports made to satisfy the team’s senior project requirements and will stand as a design reference for
Zurn-Wilkins and the senior project team moving forward. The final deliverables include a functional
prototype and test data regarding its functionality, our full body of research, and related CAD models and
drawings.
The background section discusses our research on existing designs and provides context for the design
challenge. It can be viewed as a repository of relevant information that allowed for a jumping-off point for
our efforts to overcome the design challenge in an intentional and thought-out manner. Next, the objectives
portion defines the scope of the project and which key considerations the team focused on. It establishes
the goals of the final design including the deliverables and lays out the criteria by which the design will be
evaluated. The concept design section provides an overview of our process to the final three proposed
designs. This covers our initial ideation up to the creation of our concept models and is followed by the
final design section. The final design section describes our chosen design direction and provides
justification for the choices we made to create our design. The next section covers our manufacturing and
assembly procedures for our verification prototype. After that, the design verification section describes the
tests we performed to determine if our verification prototype met the specifications set out at the start of
the project. Finally, the project management section covers the timeline of the project and provides a list of
key deliverables. The goal of the project management section is to provide an overview of the scope and
timeline of the project.
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2. Background
This section lists our sponsor’s wants and needs, in addition to the necessary industry standards we are
required to fulfill. We have also summarized some of our background research on various check valve
designs.

2.1.

Customer Input

For this project, our primary customer is our sponsor Zurn Wilkins. We have interviewed two employees,
Brian Yale and Chris Corral, for help defining our project scope. From these interviews, we have an
itemized a list of general customer wants and needs. These are further defined in our engineering
specifications table.
•

•

•

2.2.

Engineering goals
o Meet ASSE double-check valve standards
• Pressure tests
• Temperature Tests
o Lower pressure-drop than current design
Constraints
o Packaging
• Fits current housing
• For ½" to 2” pipe
• Allows for test cocks
o Lifetime
• 5 to 20 year life
• Annual testing
Previous Senior Project
o What Worked
• CFD
• 3D Printing
o Potential Issues
• Complex sealing surfaces
• High pressure-drop

Existing Designs

Check valves are available in many different forms for varying applications. Although all achieve the same
basic function, each valve comes with its compromises. Simple valves may be cheap and easy to
manufacturer but could result in a significant pressure drop. More complicated valves may offer reduced
pressure drop but with increased cost.
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Pressure and sealing requirements for check valves in the United States is determined by the American
Society of Safety Engineers (ASSE). The testing for certification is laid out in standard 1015-2011 [1]. Of
note is the 10 PSI maximum pressure drop requirement for all check valves. All designs discussed in this
section meet or exceed this requirement. Individual pressure drop ratings are usually provided by the
manufacturer. Another consideration for evaluating designs is the failure rate and mode. McElhaney
provides an in depth analysis of failure for various valve types in the journal article “An Analysis of Check
Valve Performance Characteristics Based on Valve Design” [2].
Below our team has selected some of the notable check valve designs available on the market. This
information is sourced primarily from Val-Matic’s catalogue with additional information on failure
characteristics from McElhaney [3], [2].
Lift Check Valves
A very popular design in currently available products is a lift check valve. Each valve has a mechanism
held in place by a linear spring that seals against a circular gasket. When open, flow must be diverted around
this mechanism towards the outer edges of the pipe. This design is simple, reliable, and cost effective but
results in a high head loss and provides no external indication of being open or closed.

Figure 1. Traditional lift check valve assembly
Inline Poppet Check Valves
Figure 2 presents an inline, or nozzle, check valve, that consists of a spring-assisted moving element that
undergoes short linear strokes. The sealing is accomplished by a seal ring present on the front of the moving
mechanism. Figure 3 shows a variation of this design with tilted, spring-loaded sealing elements. This type
of valve is often used for industrial power plant applications.
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Figure 2. Inline poppet check valve cross section

Figure 3. Variation of inlet poppet design
Figure 4 shows another inline poppet design, in this case the Zurn 350XL. This valve is the main product
that we are attempting to improve or replace for this project. The inline poppet design appears to be the
most common for the size range of piping that we are considering, as all main competitor products we found
use an inline poppet design.
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Figure 4. Zurn 350XL cutaway view

Ball Check Valves
One of the simplest designs available is the ball check valve, shown in Figure 5. The only required moving
components are a spring and ball. The ball is pushed up against a spring to allow flow and is often used in
wastewater applications due to its self-cleaning capability. The top opening allows for easy access and
maintenance. This style is prone to slam in high-pressure applications due to the large travel distance of the
ball. Valve slam (or water hammer) is the result of backflowing water hitting a closed check valve and
attempting to expand the interior of the pipe [4]. A diagram of a ball check valve is included in Figure 5.

Figure 5. Ball check valve

Swing Check Valves
Swing check valves, like the one shown in Figure 6., can rely on gravity or an external spring to seal the
arm against the body. External weights may be added to aid sealing at the expense of a larger pressure drop.
These valves usually struggle to open far enough at low pressures and may have problems achieving a
watertight seal. The external lever also provides a good indication of valve position. The resilient hinge
valve shown in Figure 7. is one of the more innovative and efficient check valves today. Instead of a hinge
pin, the swing characteristic is provided by a rubber molded disk.
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Figure 6. Basic swing check valve

Figure 7. Swing check valve with deformable arm and integrated sealing method

Double Disk Check Valve
A double disk check valve is one of the most compact designs available. When open, this valve provides a
large area of unobstructed flow and a lower pressure drop than some lift style designs. Sealing issues may
occur near the hinge and vibrational wear is a concern. In addition, this design is not suitable for wastewater
applications because debris can accumulate in the spoke. For this reason, it is common to use a strainer
upstream from this valve. Figure 8. Double disk check valve shows a schematic of the double-disk
assembly.
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Figure 8. Double disk check valve

Tilting Disk Check Valves
Tilting disk check valves rely on gravity or a spring to seal the moving assembly. As one of the more
efficient designs available, a lower pressure drop is seen during normal usage. Similar to the swing check
valve, problems with adequate opening may occur at lower pressures. Consistent and complete sealing may
also be difficult to attain. Additionally, we learned from Zurn that there may be restrictive patents on a
design using this mechanism.

Figure 9. Tilting disk check valve assembly

Figure 10 shows a variation of the tilting disk design. Various links and a torsion spring are used in place a
of a basic hinge to allow for more flow.
13

Figure 10. Back Flow Direct tilting disk variation

2.3.

Technical Research

Moving forward into PDR, we have decided to focus our project on modifying the current poppet design to
have a degressive spring rate. Two proposed methods of achieving this goal is to use a leaf spring and a
coil spring in a post buckling mode. For the buckling leaf spring, we found a paper by Fateh et al. that
provides an equation for calculating the post-buckled spring rate based on spring design parameters, the
starting position of the spring ends, and the axial distance between the spring ends [5]. Figure was created
based on their provided equations with arbitrary inputs.

Figure 11. Demonstration of Fateh et al. Post-Buckled Spring Equation
We were unable to find empirical data or a spring rate equation for buckling coil springs. Instead, we found
an equation for predicting the force at which a coil spring buckles in a paper by Vebil [6]. This buckling
condition is based spring characteristics and material modulus.
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2.4.

Patents

Table 1. lists patents relevant to check valves and includes the key features of each design. Not all of these
patents are designed to be used for the specific application that our project focuses on, but they are still
relevant in the ideas that they include.

Table 1. Relevant patents
Patent Name

Patent
Number

Cartridge Check Assembly [7]

USD721789S1

•
•

Replaceable piston and spring assembly
Owned by Watts

Double Check Valve Assembly
[8]

US7434593B2

•
•

Modular casing
Removable valves

•
•
•

Flapper style check valve
Linkage system to rotate flapper horizontally
under flow
Smaller cross section when flowing

US6988510B2

•
•
•

No spring
Elastomer material used for sealing disk
Does not move far out of flow path

Flow Control Device [11]

US8128058B2

•
•
•

Clapper style check valve
Leaf spring
Includes upstream shutoff valve

Flapper Check Valve [12]

US6050293A

•
•

Swing style check valve
Uses cam to for decreasing spring for as valve
opens

Double Check Back Flow
Prevention Device [13]

US8272394B2

•
•

Two inline check valves
One shared central shaft

Check Valve Having Variable
Opening-Force Threshold [14]

US6648013B1

•
•

Swing style check valve
Uses cam to for decreasing spring for as valve
opens

Swing Check Backflow Preventer
[15]

US6343618B1

•
•

Tilted swing valve assembly
Integrated cam on spring and arm

Check Valve in Backflow
Prevention Device [9]

Disc Check Valve [10]

Key Features

US8875733B2
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3. Objectives
Zurn Wilkins needs a way to reduce the pressure drop in small diameter check valves that matches or
exceeds the performance of current designs. An improvement from the old design would give them a
competitive edge while still preventing water supply contamination from backflow. Zurn Wilkins defines
small diameter pipes to be 2” and below, and all of our designs and analysis will be in comparison to their
350XL 2” valve.
To physically define the scope of the project, we created a boundary diagram. Originally we planned to
design a valve that would fit within the current Zurn 350XL housing. Later in the design process, we found
that modifying the housing would improve the performance of the valve, and as a result we will be
redesigning the housing as well as the valve internals. The illustration of the boundary diagram is shown in
Figure 12.

Figure 12. Boundary diagram

The main customer for our project is Zurn, and we determined most of our wants and needs for the project
from an interview with them. The most important goal is that we improve the performance of the valve by
reducing the pressure drop through the assembly. While creating a design to do this, we need to keep in
mind the other requirements of the project, most of which are to meet the standards set by the American
Society of Safety Engineers (ASSE) for double check backflow prevention assemblies. Since these valves
are also tested annually after being installed, we also need to create a design that will continue to operate
well in the field and not require constant maintenance. However, this consideration is not the focus of our
project and we will look more at the performance rather than the longevity of the assembly.
To determine specifications and constraints for our project, we used the Quality Function Deployment
(QFD) process, the results of which are shown in the House of Quality document in Appendix A. The
process started with determining the needs and wants of our customers through research and interviews,
and then condensing those needs into a short list. By ranking the performance of existing products and
16

determining tests which fit each critical customer need, we produced the table of engineering specifications
and targets shown in Table 2.
Table 2. Engineering Specifications Table
Spec #

1

2

3
4

5

6

7

Specification
Description
Pressure drop
while in use
at rated flow
for 2”
diameter
Pressure drop
while in use
at rated flow
for 2”
diameter
Drip tightness
Hydrostatic
pressure held
(assembly)
Hydrostatic
pressure held
(individual
check)
Maximum
working
temperature
Minimum
working
temperature

Requirement
or Target
(units)

Specification
Source

Tolerance

Risk

Compliance

10 PSI

ASSE
standards

Max

H

T, A

7 PSI

Customer

Max

H

T, A

1 PSI

ASSE
Standards

Min

H

T

350 PSI for 10
min

ASSE
Standards

Min

M

S

350 PSI for 10
min

ASSE
Standards

Min

M

S

180 °F

ASSE
Standards

Min

L

S

33 °F

ASSE
Standards

Max

L

S

Added Value Categories
Assembly
≤ Current
Team
Max
M
I, S
time
product
Risk: H = High, M = Medium, L = Low. Compliance: T = Test, A = Analysis, I = Inspection, S = Similarity
8

•

•
•

Pressure drop while in use will be measured through a test at the Zurn facility and through CFD
analysis done by our team. The test procedure is outlined in the ASSE 1015-2011 Standard [1]. It
should be noted that the test target in the standards is the minimum for the valve to be certified,
whereas the target for our project is to improve on the current pressure drop of the Zurn 350XL
valve.
Specifications 2-3 will be measured by their respective test procedures described in the ASSE 10152011 standards document.
Specifications 4-7 will not be explicitly measured through testing because the chosen prototype
materials will not withstand the full temperature and pressure ranges in the test procedures. Instead,
17

•

we will specify materials for a production version of the design that would withstand these tests.
These materials will be chosen based on the materials used in existing designs.
Assembly time will be considered by checking to see if the proposed design is similar to an existing
design, and also by inspecting the design to determine the difficulty of the steps required for
assembly.

High risk specifications are the requirements that we predict will be the most difficult to meet. As shown
in Table 2, the first high risk specification is the pressure drop while in use. This is also the most critical
specification to meet, as it is the main goal of the project. This is not entirely reflected in the QFD template
in Appendix A, as the template does not consider the relative importance of each customer. Since we are
doing this project with a high focus on the needs of Zurn, we will proceed with the assumption that reducing
the pressure drop is a critical need. Currently, Zurn’s 350XL valve has a pressure drop of 7 PSI at 160
GPM, so our project is not a success unless it reduces that number. We rated this as a high-risk specification
because in our research we found no existing products which met this requirement for pressure drop.
We also rated the drip tightness as a high-risk specification. We designated this as high risk because the
previous senior project had difficulty with sealing in their design. Since our project has the same goals as
the previous senior project, we want to make sure that we learn from the previous designs they tested and
avoid the issues they had as much as possible. After further discussion with Zurn, we also learned that with
a 3D printed prototype it is difficult to pass the ASSE drip tightness requirements. With this in mind, we
will not discount a design if a prototype does not meet this specification.
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4. Concept Design
Through various ideation activities many potential design concepts were generated. These were then
evaluated against our desired specifications and each other to reduce our concepts to three final possibilities.

4.1.

Ideation

To determine the best design direction for the project we created a functional decomposition diagram,
included in Figure 13.

Figure 13. Functional decomposition diagram
To create the decomposition diagram, we identified the main purpose of the check valve as preventing
upstream contamination of the water supply. This is accomplished in two ways. First, by preventing
backflow, so that no contaminant particles can make their way back upstream of the valve. Second, by
working reliably, as it will undergo many cycles of opening and closing in its lifetime. After that, we
proceeded to break down the two highest subfunctions into basic functions. We found that the functions for
this product are limited and can be covered with a small number of items.
Our team generated initial ideas for the project by using the braindump method. This first ideation session
focused on finding different methods of improving the pressure drop while the valve is in use. The results
covered different ways to incorporate a regressive or constant spring rate, as well as potential ideas for
reducing drag through a hydrodynamic design. Next, we used the “worst idea” method, which helped
further define the reasonable scope of the design. After that, we conducted a brainstorming session focused
on the function of preventing backflow. Finally, we revisited the braindump method and generated more
ideas. This time we focused on methods of incorporating buckling springs or linkages into the design. A
record of each ideation session is included in Appendix B.
We created concept models exploring some of the top ideas gathered during the various ideation sessions.
Many of these ideas involved linkages, cams, and other methods of adjusting the connection between the
19

actuator movement and spring movement. These connections proved to be somewhat difficult to model and
create, leading us to realize that choosing a less complex design was an important consideration moving
forwards. Overall, the concept modeling helped to find the impractical aspects of our ideas. Photos of each
concept model are included in Appendix C.

4.2.

Pugh, Morphological, and Weighted Decision Matrices

A combination of matrices was used to evaluate our results from the ideation sessions. The Pugh matrix
evaluates our concepts against the existing product. The morphological matrix creates full system solutions
using our concepts. The weighted decision matrix compares the full system solutions against each other
and influenced our final design selection.

4.2.1. Pugh Matrices
Pugh matrices are used to compare different concepts against each by rating their performance in various
criteria. We established the datum for our rating system as Zurn Wilkin’s current check valve design, the
350XL. An “S” on the chart states we expect the concept to perform similarly to the current design in that
criteria. A “-“states that we expect it to perform worse, and a “+” states we expect it to perform better. At
the bottom of the chart is the combined score of all criteria. A negative number would indicate a generally
worse performance compared to our baseline, 0 would indicate similar performance, and a positive number
would indicate generally better performance.
We created two Pugh matrices for our project as show in Appendix D. One is for each sub section of our
functional decomposition; prevent backflow and reliable operation. The included criteria for “prevent
backflow” relates to the operational aspects of a check valve such as sealing, closing at low flow conditions,
and allowing forward flow. The criteria for “reliable operation” relate to the servicing of a check valve.
This includes easy of assembly, ease of service, reliability, and overall design complexity. The concepts
that performed well were considered for later ideation sessions.

4.2.2. Morphological Matrix
The goal of a morphological matrix is to decompose each design concept by function or attribute and
recombine them in unique ways to produce a variety of designs. We broke down our Pugh matrix designs
according to four main functions and created the Morph matrix shown in
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Table 3. During ideation, all our concept designs had either an in-line poppet or flapper actuator, leading
us to include only those two options. Throughout the process, we discovered some limitations in our design
freedom. For example, it would be very difficult to realistically combine a flapper actuator with a leaf spring
or a buckling coil spring. In the end, we came up with eight new design combinations, which are listed in
Table 4. Most of our designs do not incorporate all four functions. Figures 14- 21 show our eight design
sketches.
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Table 3. Morphological Matrix
Function/Attribute

Ideas

Actuator Type

In-Line Poppet

Spring Type

Coil Spring

Secondary
Component

V-Link

Open Assist

Torsion
Spring
Cam

Flapper
Leaf Spring

Single
Link

None

Buckling
Coil Spring

Circular
Link

Buckling
Leaf Spring

Lower
Pivot

Magnet

Resistance
Link

Constant
Force
Spring
Track

Electronic

Table 4. Resulting Concepts from Morphological Matrix
Concept Design

Actuator Type

Spring Type

1
2
3
4
5
6
7
8

Flapper
Flapper
In-Line Poppet
Flapper
In-Line Poppet
In-Line Poppet
In-Line Poppet
In-Line Poppet

Leaf
Leaf
Coil
None
Leaf
Buckling Coil
Coil
Constant Force

4.3.

Secondary
Component
None
Single Link
V-Link
Circular Link
None
None
Track
None

Open Assist
None
None
None
Magnet
None
None
None
None

Top Concept Design Sketches

We sketched the eight concept designs that resulted from our morphological matrix to better understand
how each of them would visually fit together as well as how the actuator would move through its travel.
The sketches are shown in Figure 14 through Figure 21.

Figure 14. Flapper with Linkage and Buckling Leaf Spring
This design idea includes a linkage bar connecting the spring to the flapper. As the flapper moves through
its travel, it pushes the leaf spring to buckle as the leaf spring is in an axial orientation.
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Figure 15. Flapper and Leaf Spring
This flapper design will be actuated by a linkage that rides along a leaf spring. As the linkage opens, it
would travel towards the outside of the housing and out of the flow path.

Figure 16. In-Line Poppet with V-Link and Coil Spring
This linkage design creates a non-linear relationship between the spring travel and the poppet travel. This
would cause the spring rate to decrease as the poppet moves further in its travel.

Figure 17. Flapper with Magnet and Circular Link Pivot
This flapper design would be actuated in a non-linear manner as the angle of the flapper changes. Towards
the fully open and closed positions a magnet attached to the end of the flapper device would assist in keeping
the flapper valve open to allow unobstructed flow and closed to prevent leakage respectively.
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Figure 18. In-Line Poppet with Buckling Leaf Spring
This poppet design would be actuated with two or more ribbon leaf springs located on opposite sides of the
poppet that would buckle as they receive axial force from the fluid flow.

Figure 19. In-Line Poppet with Buckling Coil Spring
This poppet design would have a thinly drawn coil spring which would buckle towards the end of the
poppets travel to achieve a nonlinear spring force curve on the poppet.

Figure 20. In-Line Poppet with Track and Coil Spring
This design would use a coil spring in tension attached to the housing body and a pin that would follow a
track. This goal of this would be to have a degressive spring rate as the valve opens.
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Figure 21. In-Line Poppet with Constant Force Spring
This design would use a poppet for sealing in unison with a constant force spring to have a theoretically
flat spring force curve to assist in achieving a fully open position during flow.

4.3.1. Weighted Decision Matrix
Our weighted decision matrix (Appendix E) was used to compare the full system designs from our
morphological matrix against each other and our datum, the Zurn Wilkins 350 XL. The number of
categories included in this matrix is much greater than those considered for our Pugh matrices. This is
because our Pugh matrices were only used to evaluate methods for accomplishing specific functions of our
full design, whereas the weighted decision matrix is used to evaluate a full system design. These categories
were taken from the “Customer Needs” section of our QFD.
Each category was given a weight of 1-10 based on previous discussions with our sponsor. Each concept
model was evaluated in these categories with a score of 1-10. The top three concepts we evaluated were
concepts 6, 5, and 4. Concepts 6 and 5 are both variations of Zurn Wilkin’s existing in-line poppet designs.
Both use a form of buckling spring to achieve a degressive spring rate. Concept 4 uses an existing check
valve design, a flapper, in combination with a circular spring path and magnets to reduce the force required
when opening. A circular spring path allows for a degressive spring rate for the flapper, as later in the
flapper travel the spring extends less per angle the flapper moves.
We decided to select concepts 5, 6, and 8 for our final prototypes. These designs are all variations of the
current in-line poppet design used by Zurn Wilkins. Concept 4, a flapper style design, was not considered
for scope related reasons. Flapper designs are known for inconsistent sealing and poor operation in low
flow conditions. Our ability to mitigate these issues while also improving performance was decided to be
too risky for the available time and resources. Instead, our three variations of the existing design will be
explored to improve flow with a degressive or constant spring rate.

4.4.

Final Concept Designs

The initial concept designs seen in Appendix C demonstrate our exploration of different design features
and ways they could be utilized to address our engineering specifications. These were then discussed and
evaluated further to complete our Pugh, morphological, and weighted decision matrices accurately.
Using the weighted decision matrix, we decided to focus our concept design efforts on an inline-poppet
design using three different spring types. We identified that utilizing a way to modify the spring’s force
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curve through the travel of the poppet would be the most effective way to reach or approach a full-open
condition for all levels of forward flow. The most promising ways to do so are to use a buckling leaf spring
(Figure 22), buckling coil spring (Figure 24), or a constant force spring (Figure 26).

Figure 22. Buckling Leaf Spring Design Concept Prototype

Figure 23. Buckling Leaf Spring Design CAD Model
The buckling leaf spring design centers around the degressive spring rate of a leaf spring in its post-buckled
state [16]. Offset spring ends allow this mode of buckling to occur during compression. To maintain an
even sealing force on the poppet in the closed position, we plan to have two identical leaf springs opposite
of one another. One of the main considerations for this design is the sizing of the spring, as well as the
placement of the two ends. We plan to use equations for buckling leaf springs found during our research to
provide an estimate for the sizing, spacing, and force curve of the spring [5]. Our spring configuration will
be further refined through testing.
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Figure 24. Constant Force Spring Design Concept Prototype

Figure 25: Constant Force Spring Design CAD Model
The constant force spring design was chosen because a constant force spring requires a specific amount of
force to begin travel, and then will displace to full extension with roughly the same force. In our application,
that means that once the force on the poppet head reaches a threshold, the poppet should move to full open
almost immediately. However, this is not perfectly accurate as the force on the poppet head will change as
the flow through the valve begins. Even with that consideration, the main goal of the design to reduce the
spring force later in the poppet travel is still valid.
The constant force spring is modeled by an oversized tape measure in this prototype, which does not
represent the actual desired size of the constant force spring. One major consideration in this design is the
life cycle of the product, specifically the number of cycles possible with a constant force spring. We found
that readily available constant force springs in our general size range were rated for either 3,000 or 25,000
cycles [17]. After discussions with Zurn Wilkins, we learned that our product should be designed with the
goal of 5,000 cycles minimum.
Moving forward, we plan to evaluate whether a constant force spring is a valid design direction through
further calculations to determine the desired size and force characteristics for the spring, as well as more
research on constant force spring life. Additionally, we may be able to create custom springs that meet the
requirements using a spring supplier contact provided by Zurn Wilkins. After further spring design and
research on suppliers, we were unable to find a source for manufacturing custom constant force springs.

27

Figure 26. Buckling Coil Spring Design Concept Prototype

Figure 27. Buckling Coil Spring Design CAD Model
The buckling spring design is very similar to the Zurn 350XL model, except for the spring modification.
We chose this design based on the degressive spring rate characteristics of a buckling spring and hope it
will allow the valve to remain fully open at low flow rates. We will be using buckling spring equations to
design our springs and will work alongside Zurn Wilkins to acquire empirical spring rate data. The sizing
of our buckling spring will determine whether our design can fit inside the current housing, although that
is not a major concern at this point. We are currently unsure about the life cycles and reliability of buckling
springs but are hoping that our tests and empirical data will provide more insight.
Another key aspect we considered in our design process is safety. There are two main safety considerations
in our design. The first is pinch points between all components during assembly and maintenance processes.
The second safety consideration is that there will be stored energy in the design due to the preload of the
springs. This preload is necessary to prevent leaks between the Poppet and Check Seat components. Both
these concerns will be addressed by providing clear warnings of the risks in the assembly and maintenance
instructions. The full Design Hazard Checklist is included in Appendix F and further covers the safety
considerations relevant to our design.
Before choosing between the three spring options, we conducted preliminary analyses of the three spring
types using available equations. For the buckling leaf spring, we were able to use these equations to design
a spring that would have a degressive spring rate within the poppet travel. Along with that, we were able to
meet the required preload and sizing parameters to make two springs fit inside of the valve. With the
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buckling leaf spring, a design with two springs arranged on opposite sides of the valve is beneficial because
the off axis buckling forces will be negated. This reduces wear due to friction as the poppet slides within
the spring retainer. For the buckling coil spring, the available equations are only able to tell us when the
spring will buckle and provide no information on the spring rate for larger displacements after it has
buckled. As a result, using those equations we were able to size springs that will buckle within the specified
poppet travel that we have chosen, but we are unable to confirm that the post-buckling spring rate would
be low enough to be beneficial in our design. For the constant force spring, we first used the dimensions
and spring rate of an existing constant force spring to find material design factors we could use in the
equation. Next, using those design factors we were able to design a variety of custom constant force springs
that fit our required spring rate and sizing parameters. The full preliminary spring calculations are included
in Appendix G.
We also conducted basic fluid flow calculations on the geometry of the poppet and the flow characteristics
of the water in the valve. Through these calculations, we had two key takeaways. The first is that we
confirmed that there is no laminar flow in the valve at any reasonable flowrate. This means that moving
forward, we can safely assume turbulent flow characteristic in further calculations and in CFD
(computational fluid dynamics) simulations. Second, we found that because the drag force on the poppet is
very large, we do not foresee any issues in achieving full open with a streamlined poppet. This is important
because it means that we can design the poppet to be as streamlined as possible so long as it meets sealing
requirements. The full fluid flow calculations are included in Appendix H.
Moving to our verification prototype, we narrowed our focus to just the buckling leaf spring design. We
chose to move forward with the buckling leaf spring over the buckling coil spring and constant force spring
due to design and manufacturing concerns. For the buckling coil spring, one of these concerns is the offaxis forces generated by the buckling action of the single spring. These forces would produce undesirable
deflection of the poppet and lead to excessive wear and drag during operation. Additionally, the buckling
direction of the spring is unpredictable without additional parts to guide the spring. We were also unable to
find literature related to buckling coil spring design outside of the equations used to determine the force
required for buckling. Issues such as allowable deflection, controlling buckling direction, and post-buckling
spring rate would all have to be addressed through testing. Moving on to the constant force spring, the first
major issue was finding a supplier for custom designs. Additionally, we had concerns with debris getting
caught in the coils of the spring and found that available non-custom springs had a very short life span. In
terms of design effectiveness, the constant force spring provides a near constant spring rate, which is less
desirable than the regressive spring rates of the buckling springs. After discussions with Zurn Wilkins, they
agreed that our assessment was reasonable and that we should proceed with the buckling leaf spring design.
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5. Final Design
Our final design deviated significantly from our initial design concepts after further insight from CFD
analysis and issues during buckling leaf spring testing. Section 5.8 provides an overview of the major
changes made to our design for the verification prototype.

5.1.

Initial CAD Model

The basic function of a check valve is to allow flow in only one direction. The goal of the project is to
reduce the pressure drop during forward flow through the check valve when compared to the current Zurn
350XL 2” product. Reducing the pressure drop increases the efficiency of the valve and allows for a more
competitive product. Our design attempts to accomplish this goal by improving flow geometry of the poppet
and housing, thereby reducing pressure losses from interrupted flow. A more hydrodynamic poppet design
results in less force from the fluid acting on the poppet head. To account for this, we are using a buckling
leaf spring with a degressive spring rate instead of the current coil spring to achieve a fully open check
valve position at a lower flowrate. At the fully open position, better flow geometry is achieved, improving
efficiency. Our final design, which uses the buckling leaf spring concept, is split into two different
subsystems. The housing assembly includes the exterior pieces of the check valve system that act to hold
the individual checks and passing fluid. The check assembly includes the moving parts and mounting for
the individual check valves. The drawings for each part are included in the drawing package located in
Appendix I.

Figure 28. Full Check Valve Assembly
As shown in Figure 28, the Full Check Valve assembly is located within the two existing ball valves from
the Zurn 350XL. However, there are a still a few changes to the components connecting the housing to the
ball valves. Since the length of the housing has increased, the Body Struts were lengthened by the same
distance as well, allowing us to keep the same O-ring sizing for the O-rings between the ball valves and
housing body. Additionally, Strut Spacers were added to lift the Body Struts away from the redesigned
Housing Body, as the added bulbs in the redesigned housing would otherwise contact the Body Struts.
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Figure 29. Split View of Full Check Valve Assembly
The Housing contains two Individual Check Assemblies as shown in Figure 29. These assemblies stack on
top of each other and are held in place at the rear end by a shelf in the housing design. In the front, they are
held by the End Sleeve. This is a similar design to the Zurn 350XL and allows for ease of assembly and
disassembly. To disassemble, the four top screws are removed from the ball valves, allowing the housing
to slide up out from between the ball valves. Then, the End Sleeve can be removed and the Individual Check
Assemblies slide easily out the front. One key design feature of the housing is that the rear end of the
Housing Body is angled, matching an existing angle on the rear ball valve. This allows the user to more
easily pivot the Housing Body up and out from between the ball valves.
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Figure 30. Housing Assembly
The Housing Assembly, pictured in Figure 30, consists of the Housing Body along with the End Sleeve and
associated O-rings and hardware. The End Sleeve O-ring, which connects the End Sleeve to the Housing
Body, is a component that is not identical to the current Zurn 350XL design. We are still sizing the O-ring
and are exploring options to either select an easily available O-ring size that can be ordered online, or else
adjusting the housing design to allow us to utilize the same O-ring sizing as the Zurn 350XL. We are
concerned about sealing issues in this project, and as a result have approached the design with the goal of
maintaining the maximum number of O-rings from the Zurn 350XL without inhibiting our redesign of the
shape of the housing. We have done this because we know that the current O-rings in the Zurn 350XL and
corresponding groove sizing will hold up to the required drip tightness specifications.
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Figure 31. Individual Check Assembly
One significant change from the Zurn 350XL is that the poppet is designed to be self-sealing against the
check seat. This choice was made to simplify manufacturing of our new poppet design. The poppet will be
3D printed in Formlabs elastic resin, which has a durometer of 50A. The current design uses a seal ring for
poppet sealing with a specified durometer of 40 ± 5A. The O-rings used elsewhere in the current design
have a durometer of 70 ± 5A. Since other check valve designs successfully use O-rings to seal moving
surfaces, we are proceeding with the assumption that the 50A Elastic material will be soft enough to
effectively seal the poppet. The design also includes a protruding ridge on the interior side of the check seat
that is adapted from the current design. The ridge reduces the area of the sealing surface, increasing the
pressure on the sealing surface and preventing leaks. Poppet sealing is tested for functionality in the drip
tightness test in ASSE standard 1015-2011. In this test, the inlet side of each individual check valve is
pressurized to 1.5 psi with water. At the end of a 10-minute period, a minimum pressure difference of 1 psi
must be observed between sides.
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Figure 32. Check Seat and Spring Retainer Connection
We based our design of the spring retainers and check seats on the Zurn 350XL model. Specifically, we
kept the twist-to-lock style connection between the two pieces. Figure 32 displays how the tabs on the
Check Seat slot into the grooves on the Spring Retainer, where the parts are then twisted and lock together.
This simplifies the assembly and maintenance processes by eliminating a screw connection between the
Spring Retainer and Check Seat. We also maintained the same O-ring groove sizing on the check seat,
which allows us to reuse the same O-ring as the current design. This is beneficial because we know that the
current O-ring and groove sizing will pass the ASSE drip tightness test and hydrostatic pressure tests.
The spring retainers and poppets use heat set inserts to provide mounting points for the buckling leaf
springs. The heat set inserts will not be installed using a soldering iron and will instead be adhered into the
pre-printed holes using a two-part epoxy. This decision was made based on a Formlabs article discussing
preferred methods for creating threads in SLA printed parts [18].
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5.2.

Structural Prototype

As a part of the Critical Design Review, we created a Structural Prototype with the goal of testing our
manufacturing processes as well as looking at general fit and finish of a rough version of the design.

Figure 33. Structural Prototype Full Assembly
There are a few key differences between the Structural Prototype and the CAD model presented in the
previous section. The first difference is that we printed the prototype housing in two pieces, and also
included windows in the sides of the housing. We split the housing and cut the sides off the housing, creating
the windows so that we could fit our design within the available 3D printer bed size at Zurn’s facilities. We
originally planned on printing the Verification Prototype Housing in two pieces as well but have now moved
to a one piece housing because the bulges in our housing body design make the housing too large to print
at Zurn’s facilities anyways. From the Structural Prototype, we learned that the Formlabs Clear Resin used
to print the Front and Rear Housing Sections is not clear enough to be useful without significant postprocessing. Moving forward, we will not be printing any components using the Clear Resin. Originally, we
were concerned that sanding the Housing to a smooth enough surface would prove difficult, but after
creating the Structural Prototype we found that we were able to achieve a smooth surface finish without too
much effort.
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Figure 34. Structural Prototype Individual Check Assembly
As seen on the right side of Figure 34, the Spring Retainer legs show slight warping at the ends. For our
next prototype, we will be reinforcing or thickening the legs to prevent deflection. Figure 34 also shows the
heat set inserts installed into the pre-printed holes on the Poppet and Spring Retainer. The Structural
Prototype confirmed that we were able to install the heat set inserts into the components using epoxy instead
of heat. For our design we are using epoxy instead of heating the inserts because the SLA printing material
is a thermoplastic meaning it cannot be heated and reformed. We also learned that the 3D printed parts are
brittle and that we should limit any post-printing processes such as drilling holes as that is likely to break
the part. Finally, we found that the twist-to-lock connection between the Spring Retainer and Check Seat
worked as intended.

5.3.

Spring Design Analysis

The chosen method to achieve a degressive spring rate is using two buckling leaf springs in series. Design
of this spring type is explained further in Appendix J. Due to uncertainty in the applied design equations
for such small loads, a variety of leaf spring widths and thicknesses were selected. The buckling leaf springs
will be made by an external manufacturer, Spring Industries. Figure 35 shows the resulting force curve for
a 302 stainless leaf spring of .220” width and .020” height with our chosen mounting distances. To choose
a final spring design each ordered spring will be tested to generate a force curve. The spring that most
closely matches our desired spring rate will be put through cycle testing to validate component life. The
testing procedure in Appendix K lays out the required tests in detail.
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Figure 35. Example of spring curve for one chosen spring size
With the buckling leaf spring system we expect to be able to achieve a full open check valve position with
a force of 7.5 lbf compared to a force of 13.3 lbf for the Zurn 350XL design. This reduction in required
force is important, as the flow geometry improvements of the poppet result in less force acting on the poppet
during operation.
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5.4.

System Flow Analysis

Figure 36. Housing subsystem assembly
The Housing Assembly encases the Check Assembly as a pressure vessel. When designing the geometry
of the housing, the two major considerations were the goal of creating a flow path with the least resistance
and the available 3D printer bed size. This first consideration led to the bulb shaped design, which due to
the smoothed edges does not cause as much head loss due to diameter changes as a sharp edge. In addition,
the extended housing diameter will compensate for the volume of the spring retainer and poppet, preventing
the fluid volume in this region from declining as drastically as it does in the 350XL design. For the material
used to 3D print the housing, we chose to use the Formlabs Clear resin. We decided on this material so that
it will be possible to see what is occurring with the interior components during testing. The clear resin has
been used before by Zurn Wilkins to test 3D printed parts and is strong enough to withstand the flowrates
that we will be testing for.
Because of the restrictions on visiting Zurn Wilkin’s facilities, we focused more effort on conducting CFD
analyses in the SolidWorks CFD package. To begin with, we created a simplified model of the Zurn 350XL
housing and poppet design and ran a simulation to gather data on the pressure drop through that model to
compare experimental data given to us by Zurn Wilkins. The pressure loss characteristics comparing our
model to the collected data is shown in Figure 37.
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Figure 37. Pressure loss characteristics for the Zurn 350XL 2” double check valve assembly, compared
against our simplified CAD. Simulation results for flowrates of 125 gpm and above are accurate.
We found that the simulated data matched the literature data reasonably well. Notably, the data is more
accurate at flowrates above 125 gpm. This is partly because all CFD simulations were carried out for a fully
open valve. In reality, the poppet will not be fully open at lower flowrates and will experience a higher
pressure loss under these conditions. Based on this information, our team also hypothesized that a buckling
spring would help reduce pressure losses at lower flowrates, by allowing the valve to reach the fully open
position sooner. We believe that geometry modifications, such as a streamlined shape and extended
housing, will dominate the pressure loss results at higher flowrates. Once the valve has reached fully open,
and reduction in pressure loss will be solely dependent on the geometry of our design. Consequently, in
subsequent simulations we focused our comparisons on the higher flowrates where we knew the simulated
data had confirmed accuracy.
In the process of optimizing our check valve geometry, we first determined the ideal poppet shape, and then
designed our spring retainer, housing, and other components around it. We ran simulations with various
shapes, and the concave cone shaped poppet shown in Figure 38 outperformed all other designs. Due to the
complications that arise with sealing a curved surface, we added a shelf to our poppet and created a seal
design similar to the Zurn 350XL design. This sealing surface is critical in meeting the ASSE Standards
testing, both the drip tightness test and the hydrostatic pressure test for the individual checks. For a detailed
explanation of the process our team went through to determine our final poppet shape, and all pertaining
CFD results, please refer to Appendix L.
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Figure 38. (Left) The poppet shape that was initially tested against other designs. (Right) The final
iteration of the poppet that incorporated the flat sealing surface and hole to secure the buckling leaf
spring. This was the version that our team decided to pro

After determining the poppet shape, we moved on to work on the housing. Through iterative CFD testing,
we determined that a double bulb shaped housing is the best choice. This design will reduce obstruction to
the flow, and the CFD analysis suggests that this will reduce the pressure drop through the valve to 4.22 psi
at 150 gpm, which is a 36% reduction compared to the current value of 6.3 psi in the Zurn 350XL at the
same flowrate. The contour plot showing the pressure distribution for this design is depicted in Figure 39.
The pressure loss characteristics comparing the two assemblies is shown in Figure 40.

Figure 39. Contour plot of our final assembly showing the pressure distribution at 150 gpm.
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Figure 40. Pressure loss characteristics for the simplified Zurn 350XL CAD compared against the
structural prototype assembly shown in Figure 36. There is around a 36% reduction in pressure losses,
assuming a fully-open valve for all flowrates.
The wall thickness was chosen based off the current Zurn 350XL model so that it will pass the ASSE
hydrostatic pressure test for the assembly. However, it is important to note that we will not be conducting
the hydrostatic pressure test with the 3D printed housing, as that would be unsafe. The 3D printed material
is not designed to withstand 350 psi of pressure. However, the hydrostatic pressure test is still a
consideration to the design, as at the end of the project we will specify a material that would be valid for a
production level product.

5.5.

Safety Concerns

There are two primary safety concerns for our design. The first is that there are pinch points between the
poppets and check seats when assembling or disassembling the design. Since these are only a consideration
during assembly and maintenance, we will include a warning in the provided instructions to inform users
of the safety concern.
The second safety concern is the stored energy in the design based on the preload of the springs. However,
this is a necessary feature of the design, as the poppet must maintain a watertight seal on the check seat in
the closed position. Additionally, the preload is only around 7 lbf, lowering the potential for injury.

5.6.

Maintenance and Repair Considerations

The current Zurn 350XL body assembly is designed to be extremely easy to remove from the two ball
valves on each end. This allows for a technician to quickly swap valve bodies in the field and conduct
maintenance tasks which require disassembly out of the field. The key design features that allow the
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technician to do this are the slanted ball valve sealing surface on one end of the body assembly and the fact
that the four screws which attach the body assembly to the ball valves face only one direction.
Overall, we specifically designed our check valve to minimize the number of parts and limit the number of
fasteners used to facilitate easy assembly and disassembly. We plan to 3D print the poppet and sealing
mechanism as one piece, eliminating three parts for each check assembly in the original design.

5.7.

Summary Cost Analysis

Funding from our sponsor Zurn-Wilkins has allowed us to focus more on design and avoid cost related
compromises for our prototypes. After finding suppliers for the components, the total cost of the verification
prototype is around $1300.
By far the most expensive component in the prototype is the custom housing body ($1200). We originally
planned to 3D print the housing body at Zurn Wilkin’s facilities, however our final design cannot be printed
there due to limited printer bed size. We considered alternatives such as printing the housing body in
multiple pieces but determined sealing complications may occur. The remainder of the 3D printed parts
will be made at Zurn Wilkin’s facilities, which greatly decreases the cost of the prototype. As a result, we
expect to only get one chance to print the housing body and must ensure our design is finalized before
ordering it.
The custom springs are also an expensive part of the project, but this is not reflected in the summary cost
analysis because the verification prototype will only use 4 of the springs. The cost breakdown of the custom
springs is included as part of the full cost analysis in Appendix M.
The rest of the pieces are inexpensive, consisting of hardware ordered from McMaster-Carr and one sheet
of aluminum from Online Metals. Additionally, we are reusing many small parts from the current Zurn
350XL, including hardware and O-rings. These choices were made to simplify the design process and have
the added benefit of reducing the prototype cost because we already have those components.
Since this project has been allocated a budget of $5000, cost is not a primary concern for the verification
prototype. The full indented Bill of Materials for the verification prototype is included in Appendix N and
includes the part numbers along with the quantity, cost, and vendor associated with each part.
Additionally, part descriptions are included in Appendix O and provide product specifications so that
replacement parts may be evaluated for the case that a specified part is not available or accessible. The
Summary Cost Analysis for the Verification Prototype is included in Table 5.
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Table 5. Summary Cost Analysis
Subsystem

Housing
Assembly

Check
Assembly

Total
Parts

Part

Qty

Housing Body
Test Cocks
End Sleeve
End Sleeve O-Ring
Ball Valve O-Rings
Flanged Bolt
Body Struts
Strut Spacers
Strut Screws
Front Check Seat
Front Check Spring
Retainer
Rear Check Seat
Rear Check Spring
Retainer
Poppet
Leaf Spring
Hex Screw, 2-56 x 1/4"
No. 2 Washer
Flanged Heat Set
Insert, 2-56 x 0.157"
Check Seat O-Ring

1
3
1
1
2
4
2
4
8
1

Cost
Ea.
1417.00
0.00
0.00
0.00
0.00
0.00
26.32
0.00
0.756
0.00

Total
Cost
1417.00
0.00
0.00
0.00
0.00
0.00
52.64
0.00
6.05
0.00

1
1

0.00
0.00

0.00
0.00

1
2
4
8
8

0.00
0.00
14.58
0.11
0.03

0.00
0.00
58.33
0.86
0.22

8
1

10.27
0.00

82.16
0.00
$1,617.26
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5.8.

Design Updates

When testing our buckling leaf springs, we found that the leaf springs permanently deformed even after
only one cycle. The results of these tests are discussed further in the Design Verification section and the
full data is included in Appendix P As a result of these tests, we pivoted our design to work with the current
Zurn 350XL coil spring while still maintaining our adjusted geometry. Our final drawing package is
available in Appendix Q: Final Drawing Package.

Geometry Changes Maintained

Updated Spring Retainer
Updated Two Piece Poppet
End Sleeve O-ring
Figure 41. Updated verification prototype design with coil spring
To adjust for the coil spring, we changed the design of the Spring Retainer and Poppet. The tested Spring
Retainer shares a similar design to the Zurn 350XL, but with added base supports and thickness to
accommodate for testing with 3D printed parts. The Spring Retainer geometry was modified to allow for
our longer housing design and shared diameter sizing on front and rear Check Assemblies.
Modifications were made for to improve sealing and part fitment. The specified O-ring for the connection
between the Housing Body and End Sleeve had too large of a width and did not allow the two parts to be
connected. A smaller O-ring in both diameter and width was purchased for this connection. To make up for
the decreased width layers of Teflon sealing tape were added around the O-ring groove of the End Sleeve.
Part shrinkage, warpage, and material lost during the finishing of the housing were compensated for by
sealing tape on all O-ring and threaded connections.
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Additionally, the original proposed single piece elastic resin Poppet design did not work due to sealing,
rigidity, and motion issues. Instead, the two-piece design seen in Figure 42 was created for the verification
prototype. We were able to utilize the same seal ring as the Zurn 350XL based on our previous design
choice to maintain the same poppet diameter as the Zurn 350XL.

Poppet Body

Seal Ring

Threaded Inserts

Poppet Cap

Figure 42. Cross-section of two-piece Poppet design
This design utilizes a male and female threaded insert epoxied into the Poppet Body and Poppet Cap
respectively. The Seal Ring is held between these two components by the preload on the threaded
connection. The two-piece design allows for uninterrupted flow geometry on the Poppet Cap and is virtually
identical in external geometry to the previously designed one piece poppet. This is significant because it
means that the CFD results obtained with the one-piece poppet model are still relevant to the updated twopiece design.

45

6. Manufacturing
Our check valve was designed to allow for 3D printing of most components to simplify manufacturing and
facilitate fast iteration. With the exception of purchased components, the Body Struts, and the Housing
Body all components were printed on SLA printers by our sponsor. Final drawings are available in
Appendix Q.

6.1.

Part Procurement

A serious concern for this project is the restrictions in place due to COVID-19. Specifically, we as Cal Poly
students are not allowed to visit Zurn Wilkins’ facilities for manufacturing and testing. As a result, the
general process used for 3D printed components consisted of sending our sponsor CAD models to print on
their 3D printers, picking up the cured prints, and performing any post-printing operations at home. Once
manufactured and fully assembled our verification prototype will be dropped off at Zurn Wilkins for
verification testing. One of the benefits of our design is that many existing parts from the current Zurn
350XL are used, simplifying part procurement.
The majority of the parts used in our design were 3D printed by Zurn Wilkins at their facility using SLA
(stereolithography) 3D printers, specifically the Formlabs Form 3 and Form 2 printers. Using a high quality
3D printer and an appropriate material is critical to our design, as the produced parts have to meet sealing
and tolerance specifications for the design to be effective. All O-rings besides the end sleeve O-ring remain
the same as the current Zurn 350XL design provided by Zurn Wilkins. Additionally, we are using the same
coil spring as the Zurn 350XL design.
Two custom components were not manufactured by Zurn Wilkins. Our housing body was printed by
Protolabs due to the limited bed size of the printers available at Zurn Wilkins’ facility. Additionally, the
aluminum struts were waterjet on campus out of stock ordered from Online Metals.
The remaining parts, including the End Sleeve O-ring, bolts, and inserts were purchased from McMasterCarr. If the specified parts are not available, Appendix O includes product specifications so that alternative
parts can be sourced.
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6.2.

Manufacturing Steps

1. 3D print Formlabs Grey Pro material parts at Zurn Wilkins Paso Robles facility
a. Housing Body

Figure 43. Housing Body
b. End Sleeve

Figure 44. End Sleeve
c. Front/Rear Check Seat

Figure 45. Check Seat
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d. Front/Read Check Spring Retainer

Figure 46. Check Spring Retainer
e. Strut Spacers

Figure 47. Strut Spacer
f.

Poppet Body

Figure 48. Poppet Body
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g. Poppet Cap

Figure 49. Poppet Cap

Figure 50. Check Seat print in progress on Form 3 printer
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2. Deburr and sand 3D printed parts as needed. Recommended sanding up to 700 grit for sealing
surfaces.
3. Use ¼" NPT tap to chase Test Cock threads on Housing Body
4. Install Male Thread Heat Set Inserts (10-24 x 3/8”) in pre-printed holes on Poppet Cap
a. Note: DO NOT use soldering iron to heat insert
b. Mix 2-part epoxy
c. Insert drop of epoxy into pre-printed hole
d. Press insert into pre-printed hole
e. Ensure insert is flush with surface after install
f. Repeat for second Poppet Cap
5. Install Flanged Heat Set Inserts (10-24 x 3/8”) in pre-printed holes on Poppet Body
a. Repeat Step 4 with Flanged Heat Set Inserts for the front and rear Poppet Body components
6. Create Body Struts

Figure 51. Completed body struts in ball valve assembly
a. Body Struts were cut out of 0.160” 6061 aluminum plate using the Mustang 60 waterjet
b. Reference Appendix Q: Final Drawing Package for dimensions and tolerances
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6.3.

Assembly Process

Further visual aids, troubleshooting/maintenance procedures, and tips for installation are available in our
user manual in Appendix R Please refer to this manual for more information and a complete parts list.
1. Assemble Main Body
a. Screw Test Cocks into threaded holes on Main Body Assembly, using plumber’s tape as
needed to create a tight seal. During testing, we added more tape to create a better seal when
we observed leakage. However, we limited the number of times we removed and reinstalled
the Test Cocks as much as possible, as we knew that the 3D printed threads could be fragile.

Figure 52. Housing Body with Test Cocks installed
b. Apply grease on inside of Housing Body to aid in easy assembly and disassembly of
components
2. Assemble Front Poppet

Figure 53. Components of Poppet Assembly
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a. Place Seal Ring in groove on Poppet Base

Figure 54. Seal Ring and Poppet BaseScrew Poppet Cap into Poppet Base

Figure 55. Poppet Subassembly
3. Assemble Rear Poppet
a. Repeat Step 2 with Rear Poppet components
4. Assemble Front Check Valve

Figure 56. Components of Check Assembly
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a. During assembly of the Front Check Valve take care to avoid the pinch point between the
Poppet and the Check Seat
b. Insert Coil Spring into Front Check Spring Retainer
c. Insert Poppet into Front Check Spring Retainer
d. Attach Front Check Seat to Front Spring Retainer
i. Insert tabs on Front Check Seat into Slots on Front Spring Retainer
ii. Twist the two pieces to lock tabs

Figure 57. Front Check Subassembly
5. Assemble Rear Check Valve
a. Repeat Step 4 with Rear Check Valve components

Figure 58. Assembled internals of Check Valve
6. Insert Front Check Valve into Main Body Assembly
7. Insert Rear Check Valve into Main Body Assembly
a. Ensure that tabs on the Rear Check Seat slot onto the legs on the Front Check Spring Retainer
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b. Install End Sleeve O-Ring onto End-Sleeve
8. Insert End Sleeve into Main Body Assembly

Figure 59. Housing Body and End Sleeve
a. Make sure that ball valve mounting holes on End Sleeve and Main Body Assembly are
roughly oriented on the same plane
b. Note: During assembly, our team found that the specified O-ring did not fit. Our solution was
to purchase a different O-ring which also ended up having sealing issues. Resizing the O-ring
would be necessary to build a valve that seals sufficiently for industry use.
9. Install Body O-Rings in the slots on the End Sleeve and Front Body Section

Figure 60. Assembled Housing Body and End Sleeve with Body O-Rings
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10. Attach Body Struts to Ball Valves using Strut Screws (3/8”-16 x 1 3/4”) and Body Strut Spacers

Figure 61. External Assembly including Body Struts, Ball Valves, and Spacers

Figure 62. Closeup of attached Body Strut
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11. Attach Main Body Assembly to Ball Valves with 1/4”-20 x 3/4” Flanged Bolts

Figure 63. Attaching Body Assembly to Ball Valves

Figure 64. Another view of Body Assembly attachment procedure
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Figure 65. Fully Assembled Verification Prototype #1

Figure 66. Fully Assembled Verification Prototype #2
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6.4.

Final Budget

Table 6 shows the break down of our final budget for the verification prototype. Due to the limited bed size
of the available Form 3 and Form 2 printers our housing was outsourced to Protolabs for manufacturing.
This was by far the largest expense for our verification prototype. The remaining custom components were
all printed by our sponsor at their facilities. Many of the parts were sourced from the current Zurn 350XL
product and as such were acquired at no cost.
Table 6. Final Budget
Subsystem

Housing
Assembly

Check
Assembly

Part

Qty

Housing Body
Test Cocks
End Sleeve
Balls Valve Entrance
Ball Valve Exit
End Sleeve O-Ring
Ball Valve O-Rings
Sleeve Bolts 1/4”
Body Struts
Strut Spacers
Strut Bolts 3/8”
Check Seat
Check Seat O-Ring
Check Spring Retainer
Poppet Cap
Poppet Base
Coil Spring
Poppet Heat Set Insert (F)
Poppet Heat Set Insert (M)
Seal Ring
Total Cost:
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1
3
1
1
1
1
2
4
2
4
8
1
1
1
2
2
2
2
2
2

Cost
Ea.
1938.74
0.00
0.00
0.00
0.00
0.35
0.00
0.00
26.32
0.00
0.76
0.00
0.00
0.00
0.00
0.00
0.00
13.27
6.05
0.00

Total Cost
1938.74
0.00
0.00
0.00
0.00
0.35
0.00
0.00
52.64
0.00
6.05
0.00
0.00
0.00
0.00
0.00
0.00
13.27
12.10
0.00
2023.15

7. Design Verification
To verify our engineering specifications within the scope of this project, we have created testing procedures
to address and verify our design decisions. We designed the check valve assembly with the goal of reducing
the head loss through the assembly throughout the full range of the flow rates it can encounter in use. All
our testing was performed at Zurn Wilkins facility located in Paso Robles, CA, and we would like to thank
Brian Yale and Brendon Morey for performing tests on our prototype.
The first test we performed was the Spring Rate Test, which was designed to test the functionality and
feasibility of utilizing axial leaf springs for required closing force. After conducting the Spring Rate Test
on a variety of leaf spring thicknesses and widths, we found that all the springs deformed permanently even
after only one cycle Figure 67 and Figure 68 show our Spring Rate Test plots for our 0.008” leaf spring
with a width of 0.375", free length of 4.755”, and a horizontal offset of 1”. Figure 67 is a plot of our forcedisplacement curve as we compressed the leaf spring from its original position, and Figure 68 shows our
spring curve as we extended it back to its free length. The negative forces shown in Figure 68 indicate that
that the spring had permanently deformed during the compression stage, and both spring curves informed
us that our check valves would be unable to open, close, and seal as we had anticipated. Tensile force had
to be applied in order to return the leaf spring back into its original position, and Figure 69 is what our
permanently deformed leaf spring looked like after one cycle of testing. The full test data is included in
Appendix P. As a result, when building our verification prototype, we adjusted our design to function with
the current Zurn 350XL linear coil spring for testing.
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Figure 67. Compression spring rate curve for 0.008” thick leaf spring.
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Figure 68. Extension spring rate curve for 0.008” thick leaf spring.

Figure 69. Permanently deformed leaf spring after testing one cycle.

Originally, we had also planned to conduct a Spring Cycle Test to ascertain if the axial leaf springs could
meet the required cycle life for the assembly desired by Sponsor and customer alike. However, after
conducting the Spring Rate Test, and deciding to switch to using the coil spring in our verification
prototype, we no longer needed to perform the Spring Cycle Test. None of the buckling leaf springs would
have met the requirements of the Spring Cycle Test.
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Next, we moved on to conducting the Pressure Differential Test. The primary goal of the Pressure
Differential Test was to gather data to create the pressure drop vs flowrate curve for our design and compare
it to the existing Zurn 350XL design.

Figure 70. Verification Prototype installed in Pressure Differential Test Stand
The Pressure Differential test was performed on the Zurn 350XL valve with and without coil springs
installed and was also performed on our verification prototype both with and without the coil springs
installed. The tests without the coil springs installed were performed to gather data evaluating the geometry
changes we made to the valve design. The secondary goal of the Pressure Differential Test was to either
prove or disprove the sealing capability of our check designs for a no-flow condition and be a stand-in test
to determine the ability to resist backflow through sealing. We determined that even under normal operation
our current prototype is unable to seal completely, meaning that it does not meet our sealing specifications.
The results of the Pressure Differential Test are shown below in Figure 71.
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Figure 71. Pressure Differential Test Data
Referring to Figure 71, the first important comparison is between the 350XL and the 350XL without
springs. At flow rates above 150 GPM, the 350XL without springs performs the same as the 350XL, which
corresponds to where the 350XL reaches the fully open position. Alternatively, the Verification Prototype
data with and without springs never matches, even at high flowrates. This led us to conclude that the
Verification Prototype was not reaching the fully open position, even at high flowrates, which we attribute
to its hydro-dynamic design. Our total measurement uncertainty was 0.0471 psi (calculations are provided
in Appendix S) and the pressure loss difference between both valve assemblies without springs, at similar
flowrates, ranges from 0.06 to 1 psi. Therefore, we conclude that both tests without springs perform very
similarly at all flowrates.

Though we originally planned on performing a Drip Tightness Test for both checks in our design, per ASSE
Standard #1015, after building our verification prototype we revised our testing plan and removed this test.
When performing the Pressure Differential Test, we found that even during that test our design leaked water
out of the test cocks and out of the O-ring sealing the End Sleeve to the Housing Body. Based on the leakage
we saw, along with concerns about whether the 3D printed housing could hold the pressures required for
the Pressure Differential Test, we decided to not perform the Drip Tightness Test.

As a proof-of-concept design, some engineering specifications were not addressed including the Max
Pressure and Max Temperature specifications, as our parts and assembly were 3D printed and as such are
not expected to be able to handle intense pressures or heat. We will also not be testing leakage of the shutoff valves as we have not adjusted the design or material of those from the current Zurn design which has
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already had such testing conducted on it successfully. Table 7 below shows the results of our tests matched
with our project specifications.

Table 7: Summary of Test Results
Spec #

1

2

3
4

5

6

7
8

Specification
Description
Pressure drop
while in use
at rated flow
for 2”
diameter
Pressure drop
while in use
at rated flow
for 2”
diameter
Drip tightness
Hydrostatic
pressure held
(assembly)
Hydrostatic
pressure held
(individual
check)
Maximum
working
temperature
Minimum
working
temperature
Assembly
time

Requirement
or Target
(units)

Specification
Source

Verification
Prototype
Pass/Fail

10 PSI

ASSE
standards

Pass

7 PSI

Customer

Fail

1 PSI

ASSE
Standards

Fail

350 PSI for 10
min

ASSE
Standards

Fail

350 PSI for 10
min

ASSE
Standards

Fail

180 °F

ASSE
Standards

N/A

33 °F

ASSE
Standards

N/A

≤ Current
product

Team

Pass

The finalized testing results and schedule can be found in the Design Verification Plan and Report
(Appendix T), and the full test data is included in Appendix P. Based on the results of the pressure
differential testing, our design did not perform better than the Zurn 350XL. It also did not meet the sealing
characteristics needed to pass any of the hydrostatic or drip tightness tests.
However, there is still further testing that could be done to establish which aspects of our design caused it
to not perform as well as expected compared to our CFD model. Given time for additional design and
testing iterations, we would have liked to further explore our geometry changes by setting the poppet travel
at different positions with spacers and testing for the pressure drop. This would provide a more complete
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understanding of how geometry modifications effect pressure loss. With this data we could determine how
far the poppet moved through its travel during the previously performed pressure differential tests. Other
avenues we would have liked to pursue would be to test new combinations of housings and poppets between
the Zurn 350XL and our modified design.
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8. Project Management
This project took place over the course of three academic quarters and had three main reports, each
representing the progress made in that quarter. The first quarter, we focused on project definition and
ideation with our Preliminary Design Review. The second quarter we worked to create a fully functional
design for our Critical Design Review. This report focused on analyzing the flow and spring rate aspects of
our design using CFD and specialized spring rate equations. During the third quarter we created our
verification prototype and conducted testing to determine if our design met our required specifications.
The full timeline for the project is included in the Gantt chart in Appendix U. A table of key items in the
project is included in Table 8.
Table 8. Key Deliverables and Dates
Item

Date

Preliminary Design Review (PDR) Due

November 12

Critical Design Review (CDR) Due

February 11

Started Buckling Springs Testing

April 15

Verification Prototype Testing

May 18

Final Design Review (FDR) Due

June 3

Earlier in the project, we considered building different valve designs physically and testing them to
determine the most efficient option. However, as we moved through the design process and worked to
validate our CFD model we believed the results were accurate enough to move directly into testing our
verification prototype. After building the verification prototype and testing the differential pressure at
various flowrates we found that the results of the test did not match the expected CFD results. Discussions
with contacts at Zurn led us to believe this could be solved by adjusting our CFD model, perhaps by using
a different turbulent flow model or increasing our mesh refinement. If we were to continue the project, we
would attempt to adjust our CFD model until it matched the test results. These CFD settings could then be
used to better model other geometry changes that we want to test.
Similarly, we found that the spring rate equations we used to design our buckling leaf springs did not work
as expected, and during spring testing both the custom-ordered leaf springs as well as the ones our team
made from shim stock ended up permanently deforming. There is not a clear path for proceeding further
with buckling spring analysis, and the large discrepancy between the model and our results may highlight
scaling limitations of the buckling phenomenon.
This project was limited by performing testing and discovering significant issues late in our project timeline.
Such difficulties could have been avoided by conducting basic tests earlier in our design process (i.e.,
potentially before PDR). Low-cost tests and analysis are very valuable for determining a design direction.
We could have made and tested simplified geometry modifications that work with the 350XL to validate
our model and get real world verification of how geometry changes can affect flow. Additionally, the
prototype leaf springs we cut out of shim stock could have been made much earlier in our timeline to see if
the buckling leaf springs were feasible.
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Having clear tasks for each group member improved team efficiency and led to less wasted time. Improved
communication near the end of the project also helped to identify potential project issues. Individual work
is very valuable, but having teammates to review and discuss work done alone assists team members in
understanding all aspects of a project and allows for a review of design decisions. Having physical models
is useful, even if they represent extremely simplified versions of the final design. From our structural
prototype important insights were found that directly translated to our verification prototype. Complications
due to Covid-19 prevented our team from meeting for a large portion of the project. Working together in
person on the verification prototype improved later communication and moral within our team.
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9. Conclusion
This document is designed to explain the steps our team has taken through this design and build process, as
well as to justify the design we created and explain the results of the testing we performed on our prototype.
This report builds off the previous report and includes all the major research, ideation, design justification,
manufacturing, testing, and results that we have produced over the course of this project. Our project
successfully designed and built a check valve, though we did not meet our performance improvement
specification.
Our project did not meet the key requirements that we set out to accomplish, mainly reducing the pressure
drop at rated flow to below the current Zurn 350XL pressure drop and meeting the Drip Tightness
specification for sealing. Most of this was due to our high reliance on spring equations and CFD due to a
lack of early testing. We did attempt to perform early testing on the buckling leaf springs because we
experienced long delays in the ordering and manufacturing processes, and by the time we were able to
perform spring testing it was too late to switch to another one of our non-linear spring options. We also
experienced issues with sealing in our Verification Prototype, which was something that we had tried to
limit by reusing O-ring sizing from the Zurn 350XL. Starting the manufacturing process earlier would have
allowed us more options in adjusting our O-ring sizing when we saw that it did not work as expected. We
also found that the 3D printed parts did not fit or match sizing as perfectly as expected, and some of them
required a significant amount of sanding to fit as intended. Specifically, we experienced issues with how
circular parts fit together, as some of them were more of an oval shape. We do not have a recommendation
for how to fix this issue, but it is something to keep in mind when creating tolerances for 3D printed parts.
However, we would have been unable to create the design that we did without the SLA 3D printing
capabilities available to us and were overall very impressed with the part quality that came out of the
printers.
If the project were to continue, there are a few next steps that our team recommends. The first is to attempt
to create a CFD flow model that matches the Pressure Differential Test results that we gathered. We are
still unsure why the CFD and test results were so different for the Verification Prototype when the CFD
and test results for the Zurn 350XL matched closely. It is possible that the geometry changes in our design
changed the flow characteristics significantly, or that the surface finish on the 3D printed parts caused an
issue. Another potential next step would be to conduct Pressure Differential Tests with spacers used to hold
the poppet at various states of travel. This would allow more varied geometry testing independent of spring
type used. Additionally, it would be valuable to test some of the different poppet shapes that we designed,
or test two different poppet shapes in the front and rear checks. Finally, our team was unable to successfully
implement a buckling leaf spring design in our final prototype and would recommend exploring the other
two options that we initially proposed, the buckling coil spring and the constant force spring, as potential
options for achieving a non-linear spring rate. Alternatively, the buckling leaf spring could still be an option
but would almost certainly require exploring different spring materials.
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Appendices
Appendix A: QFD House of Quality

A-1

Appendix B: Ideation Results
Worst Idea Ideation Session Jamboard

B-1

Braindumping Ideation Session Jamboard

B-2

B-3

Appendix C: Concept Models
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Three-Pronged Flapper Design
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Modified Lift Ball Valve

Curved Poppet Sealing Surface (1)

Curved Poppet Sealing Surface (2)

Poppet with Increased Housing Area
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Appendix D: Pugh Matrices
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Pugh Matrix for Reliable Operation
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350 XL
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Appendix E: Weighted Decision Matrix

Criteria

Flapper
In-Line
Flapper
In-Line
In-Line
In-Line
with
In-Line
Poppet with
Flapper and
with
Poppet with
Poppet with Poppet with
Magnet and Poppet with
Constant
Leaf Spring Linkage and V-Link and
Buckling Track and
Circular Leaf Spring
Force
Weight
Leaf Spring Coil Spring
Coil Spring Coil Spring
Link Pivot
Spring
Score Total Score Total Score Total Score Total Score Total Score Total Score Total Score Total

Performance
Sealing Ability
Manufacturing
Ability
Easy to
Service
Cost Effective
Easy to
Assemble
Made for Small
Pipe Sizes
Total

9

7

63

6

54

8

72

9

81

9

81

7

63

6

54

10

90

7

5

35

5

35

9

63

6

42

9

63

9

63

7

49

9

63

9

10

90

10

90

9

81

10

90

9

81

10

90

9

81

8

72

6

6

36

7

42

5

30

8

48

7

42

8

48

5

30

7

42

5

8

40

8

40

7

35

7

35

8

40

10

50

8

40

6

30

6

5

30

4

24

4

24

6

36

7

42

8

48

4

24

7

42

5

6

30

5

25

4

20

8

40

7

35

8

40

4

20

5

25

294

285

325

372
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384

402

298

364

Appendix F: Design Hazard Checklist
Y

N

1. Will any part of the design create hazardous revolving, reciprocating, running,
shearing, punching, pressing, squeezing, drawing, cutting, rolling, mixing or similar
action, including pinch points and sheer points?

X

X

2. Can any part of the design undergo high accelerations/decelerations?

X

3. Will the system have any large moving masses or large forces?

X

4. Will the system produce a projectile?

X

5. Would it be possible for the system to fall under gravity creating injury?

X

6. Will a user be exposed to overhanging weights as part of the design?

X

7. Will the system have any sharp edges?

X

8. Will any part of the electrical systems not be grounded?

X

9. Will there be any large batteries or electrical voltage in the system above 40 V?
10. Will there be any stored energy in the system such as batteries, flywheels, hanging
weights or pressurized fluids?

X

X

11. Will there be any explosive or flammable liquids, gases, or dust fuel as part of the
system?

X

12. Will the user of the design be required to exert any abnormal effort or physical
posture during the use of the design?

X

13. Will there be any materials known to be hazardous to humans involved in either the
design or the manufacturing of the design?

X

14. Can the system generate high levels of noise?

X

15. Will the device/system be exposed to extreme environmental conditions such as fog,
humidity, cold, high temperatures, etc?

X

16. Is it possible for the system to be used in an unsafe manner?

X

17. Will there be any other potential hazards not listed above? If yes, please explain on
reverse.
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These pinch points are only a concern
There are pinch points when
when assembling the valve, so we will
assembling the spring loaded
include a warning when providing
mechanism that goes inside the
instructions
for
assembly
and
valve housing.
maintenance of the valve.

Creating part
drawingsSpring Quarter

This is a feature of the design that is
There is stored energy in the necessary for the valve to operate
design based on the preload of correctly so that it maintains a closed
the springs.
position until reaching a pressure
threshold.

N/A
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Appendix G: Preliminary Spring Calculations
Buckling Leaf Spring Calculations:
Inputs
Check Valve Inputs
Exposed Poppet Dia.
2.08
in
0.0528
Full Travel
0.9
in
0.0229
Linear Coil Spring Inputs
K
7
lbf/in
1225.89
Preload
1
in
0.0254
Buckling Leaf Spring Inputs
E
28000
ksi
1.93E+11
W
0.22
in
0.0056
H
0.02
in
0.0005
Xfalpha
2.2
in
0.0559
1
in
0.0254
Yfalpha
Preload
0.27
in
0.0069
1.014E+09
Yield Strength
147
ksi
Outputs
Check Valve Outputs
Exposed Poppet Area
3.398
in^2
Linear Coil Spring Outputs
Spring Force Closed
7
lbf
Spring Force Full Open
13.3
lbf
psi
Poppet Pressure to Open
2.06
Poppet Pressure to Full Open 3.91
psi
Buckling Leaf Spring Outputs
Alpha
2.2
Phi
795.23
I (Area Moment of Inertia) 1.47E-07
in^4
6.10471E-14
Poppet Pressure to Open
1.50
psi
Max Bending Stress
?
ksi
?
FOS
?
?

G-1

m
m
N/m
m
pa
m
m
m
m
m
pa

m^4
pa
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Buckling Coil Spring Calculations:
Inputs
Mean Diameter (D)
0.65
in
0.01651
Wire Diameter (d)
0.075
in
0.001905
Free Length (L)
3.8
in
0.0965199
Elastic Modulus
28000
ksi
1.931E+11
Active Coils (n)
25
Inactive Coils
2
Shear Modulus (G)
11200
ksi
7.722E+10
Ultimate Stength
84.8
ksi
584696000
Preload
7
lbf
Outputs
C
8.67
Total Coils (n0)
27
Coil Angle (Alpha0)
3.94
Degrees
Pitch
0.14
in
0.00
Spring Rate
6.45
lbf/in
1129.92
Critical Deflection
1.72
in
0.04
Angle @ Buckle (Alpha)
2.16
Degrees
Critical Load
11.10
lbf
49.38
Wahl Correction Factor
1.17
Tosional Stress
50911.10
lbf/in^2 351032060
FOS
1.67
Spring in Stable Region? Yooo It Will Buckle :)
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m
m
m
pa
pa
pa
N

m
N/m
m
N
N/m^2

Constant Force Spring Calculations:
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Test Eqn with McMaster Measurements (K349)
Pgoal
6.88 lbf
From mcmaster spec
E
28000000 psi
Shigley's, 302 stainless (same material as mcmaster)
D1
1 in
inside diameter
b
0.75 in
c
8.37499584
goal seek to get P to match Pgoal
Dn
1 in
eqns
t
0.014 in
thickness
P
6.88048103 lbf
Top eqn (N<=10)
P
6.88048103 lbf
Bottom eqn (N>10)
b/t
53.5714286
compare to usual ratio of b/t = 100

Find how many coil turns in
L_extended
28 in
ID
1 in
OD
1.5 in
Davg
1.25 in
Circum_avg 3.92699082 in
Turns_1
7.13014145 turns
t
0.014 in
Turns_2
17.8571429 turns

mcmaster
mcmaster
mcmaster

Calc'd from extended length and diameters
mcmaster
Calc'd from diameters and thickness of strip

Test Eqn with McMaster Measurements (K119)
Pgoal
7.92 lbf
From mcmaster spec
Shigley's, 302 stainless (same material as mcmaster)
28000000 psi
E
D1
0.88 in
inside diameter
b
1 in
c
7.889068
goal seek to get P to match Pgoal
Dn
0.88 in
eqns
t
0.012 in
thickness
P
7.919736 lbf
Top eqn (N<=10)
P
7.919736 lbf
Bottom eqn (N>10)
b/t
83.33333
compare to usual ratio of b/t = 100
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Find desired spring force to keep poppet closed at 2psi forward pressure
P_diff
2 psi
Standards require 1 psi but Zurn designs for 2psi
Closed poppet area
A_poppet
3.397946614 in^2
F_poppet
6.795893228 lbf
Force required on poppet to keep closed
Constant force spring design
Choose N<= 10 since we don't require long extension
E
2.80E+07 psi
Shigleys, 302 stainless
must fit within poppet design, goal seek to get this value
b
0.508699591 in
t
0.010173992 in
choose b/t = 50 similar to McMaster, doesn't match reccommended b/t = 100
must fit within housing, choose similar to current coil spring diameter
Dn
0.5 in
From McMaster calcs, chose a close to avg value
c
8
P
7.500039932 lbf
Choose 7.5 lbf to ensure poppet remains closed
How many turns?
L_extend
ID
Circum
N_calc1
Nrequired
N_calc2
N_choice

1.25
0.6
1.570796327
0.795774715
2.295774715
0.728438228
3

in
in
in
turns
turns
turns
turns

With turns, how much space does spring take?
N
3 turns
ID
0.6 in
t
0.010173992 in
OD
0.630521975 in
What to order?
Option #
Material
1 302 stainless steel
2 302 stainless steel
3 302 stainless steel
4 302 stainless steel
5 302 stainless steel

required poppet extension, give a bit extra than 1 inch
drum diameter
natural circumference using Dn
L_extend/Circum
add 1.5 turns to meet requirement at fully extended
L = 1.56N(D0+Dn), D0/Dn = 1.2, gives similar answer to other method
choose to have 3 turns

drum diameter
thickness
spring outside diameter on top of drum

Dn (ID), in Width, in
0.50
0.40
0.30
0.50
0.25

0.51
0.50
0.40
0.25
0.50

Thickness, in
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0.010
0.010
0.010
0.015
0.006

Design Characteristic, c Predicted load, lbf
7.14
8
8
10.94
8
15.56
8
11.81
8
6.05

Appendix H: Preliminary Fluid Flow Calculations

What max flow rate for laminar flow?
D
0.166667 Pipe ID, ft
A
0.021817 Pipe area, ft^2
Re
4000 Reynold's Number
Max Re for lam flow
ν
3.80E-06 Kinematic viscosity @ 180F, ft^2/s
Used max working temp value to get minimum Re
Vlaminar 9.12E-02 velocity, ft/s
Qlaminar 1.99E-03 ft^3/s
Qlaminar
0.89 GPM
Confirmed there is no way this could be laminar flow even at lowest flow rates
Conservation of mass, pipe velocity to housing velocity
Apipe
0.021817 ft^2
Dhousing 0.279333 ft
From Zurn drawing 354-1A
Ahousing 0.061282 ft^2
Qrated
175 Rated flow rate, GPM
Vpipe
17.90493 Velocity in pipe at rated flow, ft/s
Vhousing 6.374184 Velocity in housing at rated flow, ft/s
There is a big difference in fluid velocity in the pipe compared to fluid velocity in the housing

Drag force on poppet with hemisphere geo (assumes fully developed flow)
Cd_orig
1.17 Disk, Re > 10^3
Original shape for comparison
Cd_hem
0.38 Hemisphere, Re > 10^3
Model hydrodynamic poppet as hemisphere
ρ
1.94 Density @ 68F, slug/ft^3
Room temperature estimation
Vhousing 6.374184 Velocity at rated flow, ft/s
Dpoppet
2.38 Poppet diameter, in
From Zurn 350XL drawings
Apoppet 4.448809 Poppet cross sectional area, in^2
Fd_hem 66.62671 Drag force on poppet, slug-ft/s^2 = lbf
Drag force on poppet is very large, the flow really is quite fast
What Cd_mod can we use?
Popen
3 Choose pressure to full open, lbf/in^2
This value is unused right now
Qopen
10 Flow rate to full open, GPM
Qopen
0.022321 Flow rate to full open, ft^3/s
Fspring
10 Max resistance force of spring, lbf
Max force of spring at any point in travel
Fd_mod
10 Max force required on poppet, lbf
Cd_mod 0.057034 Allowable Cd for modified geometry
Based on these equations, there is really no limit for how streamlined we can make the poppet and still achieve full open
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Appendix I: Initial Drawing Package
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Appendix J: Buckling Leaf Spring Calculations
Leaf spring design calculations are based on the equations provided by Fateh et al. [5]. By providing a
length (𝑥𝑥𝑓𝑓𝑎𝑎 ) and height (𝑦𝑦𝑓𝑓 ) difference between the spring ends, the material modulus of elasticity, and the
spring thickness and width, the resulting force displacement curve may be calculated by the following
equations.

𝛼𝛼 = 𝑥𝑥𝑓𝑓𝑎𝑎 /𝑦𝑦𝑓𝑓

Figure J-1. Length/height ratio equation

Figure J-2. Intermediate equation for spring calculation

Figure J-3. Single buckling leaf spring force equation

For example, consider the following specifications for one selected spring design. Preload was selected to
meet the approximately 2 PSI guideline for minimum check valve opening static pressure provided by Zurn
Wilkins.
Table J-1. Example of selected spring design

J-1

Figure J-4. Spring curve generated for Table J-1 specifications
This graph highlights the desirable degressive spring rate properties of buckling leaf springs. At poppet full
open, .9” of travel, a predicted force of 7.5 lbf for the buckling leaf springs is calculated compared to the
predicted force of 13.3 lbf for the standard coil spring. This lower force requirement allows a more open
position at low flow and produces more desirable flow geometry.
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Appendix K: Test Procedure

Test #1: Initial Spring Rate Test
Description of Test:
Test initial spring rate of buckling leaf springs.
Required Materials:
• Buckling leaf spring
• Spring rate tester
• Buckling leaf spring fixtures (top and bottom)
Testing Protocol:
1. Attach buckling leaf spring fixtures to top and bottom of spring rate tester.
2. Insert buckling leaf spring into bottom test fixture and secure with set screw.
3. Select horizontal offset desired for test and secure with set screw.
4. Adjust height of spring rate tester to match buckling leaf spring with the top test fixture.
5. Attach buckling leaf spring to top test fixture with set screw.
6. Measure the spring rate for 1 inch of vertical spring compression (at least every 8th inch of
travel, if not more for a complete curve profile)
7. Repeat measurements 3 times at each compression length to build an average.
Data:
Force curve built from measurements across the utilized compression range (averaged over 3 readings).
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Test #2: Spring Cycle Test
Description of Test:
Cycle the buckling leaf spring to determine if it will withstand lifecycle requirements.
Required Materials:
• Buckling leaf spring
• Spring cycle tester
• Buckling leaf spring fixtures (top and bottom)
Testing Protocol:
1. Ensure that the buckling leaf spring has previously gone through Test #1: Initial Spring
Rate Test
2. Attach buckling leaf spring fixtures to top and bottom of spring cycle tester.
3. Insert buckling leaf spring into bottom test fixture, secure with set screw.
4. Select horizontal offset of spring end and secure with set screw.
5. Adjust height of spring cycle tester to match buckling leaf spring with the top test fixture.
6. Attach buckling leaf spring to top test fixture, secure with set screw.
7. Set up camera to proctor cycle test.
8. Run the spring cycle tester for 5000 cycles.
9. Remove buckling leaf spring from test fixtures.
10. Check to see if the buckling leaf spring is permanently deformed or broken.
11. If buckling leaf spring is broken, refer to video of cycle test to determine approx cycles
until failure.
Data:
Visual Inspection of Buckling Leaf Y/N
Spring

Notes

Permanently deformed?
Physically broken?
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Test #3: Final Spring Rate Test
Description of Test:
Test final spring rate of buckling leaf spring.
Required Materials:
• Buckling leaf spring
• Spring rate tester
• Buckling leaf spring fixtures (top and bottom)
Testing Protocol:
1. Ensure that the buckling leaf spring has previously gone through Test #1: Initial Spring
Rate Test.
2. Ensure that the buckling leaf spring has previously gone through Test #2: Spring Cycle
Test.
3. Repeat Test #1: Initial Spring Rate Test.
4. Compare results of Test #1: Initial Spring Rate Test and Test #3: Final Spring Rate Test.
Data:
Force curve built from measurements across the utilized compression range. Assessment of change in spring
rate curve and values after cycle testing requirements.
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Test #4: Seal Testing: Drip Tightness
Description of Test:
Test valve sealing while under small pressure differential of 1 psi.
Required Materials:
• Assembled check value and components.
• Flow testing assembly.
• Test-cock pressure measuring equipment.
Testing Protocol:
1. Attach assembled check valve to flow testing apparatus.
2. Install a sight glass in test cocks #2 and #3.
3. Purge the system of air and open the test cocks to the sight glasses.
4. With the #2 shut-off valve on the assembly closed and test valve #4 open, pressurize the
inlet of the assembly until there is water filling the sight glass column at test cock #2 to at
least 42 inches (1069 mm) measured above the water level in the sight glass at test cock
#3.
5. Close the supply valve tightly.
6. Wait for ten (10) minutes.
7. When no further fall of water is observed in the sight glass at test cock #2, record the
difference in the water levels between sight glasses at test cocks #2 and #3.
8. Install a sight glass in test cocks #3 and #4.
9. Purge the system of air and open the test cocks to the sight glasses.
10. With the #2 shut-ff valve on the assembly closed and test valve #2 open, pressurize the
inlet of the assembly until there is water filling the sight glass column at test cock #3 to at
least 42 inches (1069 mm) measured above the water level in the sight glass at test cock
#4.
11. Close the supply valve tightly.
12. Wait for ten (10) minutes.
13. When no further fall in water is observed in the sight glass at test cock #3, record the
difference in the water levels between the sight glasses at test cocks #3 and #4.
14. A height difference of less than 28 inches (711 mm) between the sight glasses for either
check shall result in a rejection of the assembly.
Data:
Is there flow through the valve or Y/N
leaking?

Notes

At 1 psi pressure differential for first check
At 1 psi pressure differential for second
check
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Test #5: Pressure Differential Testing
Description of Test:
Test head loss of check valve design at a range of flow rates to assess performance.
Required Materials:
• Check valve assembly
• Flow testing assembly
• Differential press
Testing Protocol:
1. Install the assembly to flow testing apparatus.
2. Attach manometers or differential pressure gauges at a gauge connection directly before
and directly after the assembly.
3. Gauges should connect to ring piezometers per ISA 75.02.
4. The pressure loss through the piping between the shut-off valves of the assembly on test
and the gauges at gauge connections #1 and #2 shall be subtracted from the differential
pressure reading at gauge connections #1 and #2.
5. Purge the system of air; then gradually increase the flow of water through the assembly
until the required rated flow of water is achieved, taking measurements along the way.
6. Gradually decrease the flow of water to zero (0).
7. Compare results to theoretical CFD analysis head loss curve as well as that of existing
Zurn design.
Data:
Tabulated head loss data and create curve of results across check valve. Perform analysis on
meeting/exceeding desired head loss reduction as per design challenge.
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Appendix L: Design Process and CFD Results
In order to determine the accuracy of our CFD simulations, we first compared our pressure loss
characteristics for a simplified version of the Zurn 350XL double check valve assembly against the official
USC testing data. Our simplified model assumed a fully-open valve at all flowrates. Figure L-1 shows our
simplified CAD, and its corresponding contour plot in Figure L-2. Figure L-3 compares the pressure loss
characteristics of the 350XL design against our simplified model. After interpreting this graph, we
concluded that pressure losses below 125 gpm were mainly attributed to a partially-open valve, which
resulted in greater resistance to flow. For flowrates of 125 gpm and greater, our simulation results proved
to be accurate. From this point forward, we determined that spring properties, such as buckling, would aid
in reducing pressure losses at lower flowrates. Once the poppet reached the fully open position however,
the check valve geometry would be the main determinant of performance.

Figure L-1. Simplified CAD of the Zurn 350XL 2” double check valve assembly.

Figure L-2. Contour plot showing the total pressure distribution in the simplified CAD at 150gpm.
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Figure L-3. Pressure loss characteristics for the Zurn 350XL 2” double check valve assembly, compared
against our simplified CAD. Simulation results for flowrates of 125 gpm and above are accurate.

At this point in time, our team had already decided that we would proceed with a poppet style check valve.
Our main objective was to design valve internals that would minimize obstruction to flow. The two
geometry modifications that we focused our attention on were increasing the housing volume and
streamlining the poppet shape.
After confirming that our CFD results were accurate, we wanted to know whether extending the housing
would prove to be as effective as we anticipated. We designed an exaggerated bubble-shaped housing
shown in Figure L-4. We then ran a simulation comparing how the 350XL poppets, alone, perform in the
original and modified housing. Screenshots of our CFD contour plots and pressure loss characteristics are
shown in Figures L-5 and L-6 respectively. From Figure L-7, it is clear that the extended housing noticeably
lowered the pressure losses at all flowrates.
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Figure L-4. Initial extended housing design.

Figure L-5. Contour plots of pressure distribution of the 350XL poppets placed in the original and
extended housing.
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Figure L-6. Pressure loss characteristics for the 350XL poppets in the original housing and the extended
housing shown in Figure M-4. Increasing the volume decreases pressure losses by about 43% at all
flowrates.
At this point, we proceeded to determine the optimal poppet shape. Since this is an iterative process, we
decided to finalize the poppet shape, then design all remaining valve components around it. We tried three
types of shapes: hemisphere, cone, and bullet. All of these poppets were simulated in the extended housing
shown in Figure L-4. Figure L-7 shows five of the shapes we tested, and Figure L-8 depicts the pressure
loss characteristics of the best performing shape in each category, compared against the original 350XL
poppet. With this information, we concluded that the concave poppet (Figure L-7 (B)) was the best
performing design. Figure L-9 depicts the pressure loss characteristics for the top three performing designs.

(A)

(B)
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(C)

(D)
(E)
Figure L-7. Poppet design variations that our team tested in the extended housing. Option B was the best
performing design.

Figure L-8. Contour plot showing the total pressure distribution, at 150gpm, for our best-performing
poppet in our extended housing.
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Figure L-9. Pressure loss characteristics for options A, B, and E in Figure L-7. The cone shape narrowly
outperformed the other options. All simulations were run with two poppets in the extended housing.
Our team previously decided to implement the buckling leaf spring for our Structural Prototype, so we
added a step and a hole to our poppet shaft to secure the end of the spring. In addition, we wanted to mimic
the sealing design of the 350XL, after considering the complications that arise with sealing a curved surface.
We added a ridge to our check seat, similar to the 350XL, and also added a step to our poppet to allow a
flat edge for sealing. Although this step will add turbulence to flow, reliable sealing is more a more pertinent
concern for us. Figure M-10 depicts the final poppet design that we printed.

Figure L-10. Finalized poppet design that was printed for the structural prototype. This design
incorporates a step with a hole to secure the buckling spring, as well as a step to allow for a flat sealing
surface.
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As mentioned earlier, we designed our spring retainer, check seat, and housing around our finalized poppet.
Our final assembly that we intended to print is depicted in Figure L-11. Unlike the 350XL, we only made
one version of each component, and therefore wanted our housing to be symmetrical. We pulled in our
bubble housing in the center to ensure the spring retainers would be centered in the middle. We ran our
CFD simulation for this assembly and plotted the pressure losses shown in Figure L-12. There is around a
36% reduction in pressure losses, assuming a fully open valve at all flowrates. Figure L-13 shows our
pressure distribution contour plot for the final assembly at 150gpm.

Figure L-11. Finalized assembly with single housing.
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Figure L-12. Pressure loss characteristics for the simplified Zurn 350XL CAD and our final two-bubble
shaped extended housing design with the cone-shaped poppets. There is about a 36% reduction in
pressure losses at all flowrates.

Figure L-13. Contour plot showing the pressure distribution for our final assembly at 150gpm.

In addition, we initially planned for our housing to be printed in one piece, but due to the 3D printer bed
constraints, we had to split it up into two halves. Both halves are secured together by flanges. We also
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reduced the diameter of our housing to fit within the printer bed dimensions by cutting off the sides as
shown in. Figure L-14 shows our final 3D printed design.

Figure L-14. Finalized structural prototype design that was printed. Due to printer bed limitations, this
design incorporates the two-piece housing connected by flanges and has windows cut on the sides.
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Appendix M: Cost Analysis
Category

Housing
Assembly

Check
Assembly

Spring
Testing

Prototype
Assembly
Total

Item
Housing Body
Test Cocks
End Sleeve
End Sleeve O-Ring
Ball Valve O-Rings
Flanged Bolt
Body Strut Material
Strut Spacers
Strut Screws
Front Check Seat
Front Check Spring
Retainer
Rear Check Seat
Rear Check Spring
Retainer
Poppet

Qty

Cost Ea.
1938.74
0.00
0.00
0.00
0.00
0.00
26.32
0.756
0.00
0.00

Total
Cost
1938.74
0.00
0.00
0.00
0.00
0.00
52.64
6.05
0.00
0.00

1
3
1
1
2
4
2
4
8
1

Protolabs
Zurn
custom
Zurn
Zurn
Zurn
Online Metals
custom
custom
custom

1
1

0.00
0.00

0.00
0.00

custom
custom

1
2

0.00
0.00

0.00
0.00
58.33
0.86
0.22

custom
custom
Spring
Industries
McMaster
McMaster

82.16
0.00

McMaster
Zurn

825.00

Spring
Industries

1050.00

Spring
Industries

0.00

custom

5.40
2.73

McMaster
McMaster

10.27

McMaster

10.94
3.03
7.38
4.97
$4052.45

Home Depot
Miner’s
Miner’s
Home Depot

Leaf Spring
4
14.58
Hex Screw, 2-56 x 1/4"
8
0.11
No. 2 Washer
8
0.03
Flanged Heat Set Insert,
2-56 x 0.157"
8
10.27
Check Seat O-Ring
1
0.00
Buckling Leaf Spring
165.00 per
Order for Tests (varying 5 sizes
each size
sizes)
Buckling Coil Spring
150.00 per
Order for Tests (varying 6 sizes
each size
sizes)
Buckling Leaf Spring
1
0.00
Test Fixture
Hex Screw, 2-56 x ¼"
8
5.40
No. 2 Washer
8
2.73
Flanged Heat Set Insert,
8
10.27
2-56 x 0.157”
Two-Part Epoxy
2
5.47
Large O-Rings
3
1.01
Small O-Rings
2
3.69
Teflon Sealing Tape
1
4.97

Vendor

Note that the purchase list includes many parts that are from the Zurn 350XL check valve. Since we already
have that product, we were able to use the existing parts that carried over to our prototype at no cost.
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Appendix N: Indented Bill of Materials

N-1

Appendix O: Part Specifications

This appendix is intended to be a reference for finding alternative parts if the specified parts are not
available.
For the screws, washers, and screw inserts, the key specification is that they are able to function in a wet
environment. As a result, we have specified either stainless steel or brass for these parts. Product
specification sheets are available for these parts from McMaster-Carr, and the majority of these components
are available at hardware stores.
The custom buckling leaf springs in our design were very difficult to source. Once again, one of the key
specifications is that they can operate in a wet environment and alternative parts must meet this requirement
as well. The springs are made out of 302 stainless and have dimensions of 0.220” wide and 0.020” tall. The
length of the spring will depend on the
Many of the parts in our design are custom 3D printed components, and therefore the main consideration
when looking at alternative suppliers is the available 3D printer and its specifications as well as the 3D
printer material characteristics. For our project, we utilized Formlabs 3D printers along with their Grey Pro
material. These are stereolithography (SLA) printers which produce a higher quality part than other 3D
printing methods, such as the more common fused deposition modeling (FDM) printing method.
The remaining pages in this appendix include the data sheet for the Formlabs Grey Pro material.
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Appendix P: Test Results

Figure 72. Buckling leaf spring inserted in spring testing fixture.

Figure 73. Permanently deformed 0.008” thick and 1.5” wide buckling leaf spring after one cycle of
testing.
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Figure 74. Compression spring rate curve for 0.003” thick buckling leaf spring of 0.25” width, 4.755” free
length, and 1” offset.
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Figure 75. Compression spring rate curve for 0.008” thick buckling leaf spring of 0.375” width, 4.755”
free length, and 1” offset.
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Figure 76. Extension spring rate curve for 0.008” thick buckling leaf spring of 0.375” width, 4.755” free
length, and 1” offset.
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Figure 77. Compression spring rate curve for 0.008” thick buckling leaf spring of 1.5” width, 4.755” free
length, and 1” offset.
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Figure 78. Extension spring rate curve for 0.008” thick buckling leaf spring of 1.5” width, 4.755” free
length, and 1” offset.
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Figure 79. Compression spring rate curve for 0.015” thick buckling leaf spring of 0.375” width, 4.755”
free length, and 1” offset.
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Figure 80. Extension spring rate curve for 0.015” thick buckling leaf spring of 0.375” width, 4.755” free
length, and 1” offset.

Figure 81. Pressure differential test with final verification prototype assembly.

P-5

Appendix Q: Final Drawing Package
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Appendix R: User Manual
Safety Hazards
During all testing procedures outlined in Appendix K, safety glasses are required when performing all tests.
During assembly and disassembly, take care to avoid pinch points between the spring-loaded poppet and
check seat.
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Parts List
Subsystem Part
Housing Body
Test Cocks
End Sleeve
Balls Valve Entrance
Ball Valve Exit
Housing
End Sleeve O-Ring
Assembly
Ball Valve O-Rings
Sleeve Bolts 1/4”
Body Struts
Strut Spacers
Strut Bolts 3/8”
Check Seat
Check Seat O-Ring
Check Spring Retainer
Poppet Cap
Check
Poppet Base
Assembly
Coil Spring
Poppet Heat Set Insert (F)
Poppet Heat Set Insert (M)
Seal Ring

Qty
1
3
1
1
1
1
2
4
2
4
8
1
1
1
2
2
2
2
2
2

Source
3D Printed (Formlabs)
Zurn
3D Printed (Zurn)
Zurn
Zurn
Zurn
Zurn
Zurn
3D Printed (Zurn)
3D Printed (Zurn)
McMaster
3D Printed (Zurn)
Zurn
3D Printed (Zurn)
3D Printed (Zurn)
3D Printed (Zurn)
Zurn
McMaster
McMaster
Zurn
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Alternative Source
Large Scale SLA 3D Printer
Hardware Store
SLA 3D Printer
Machine Shop Custom Order
Machine Shop Custom Order
McMaster
McMaster
McMaster
SLA 3D Printer
SLA 3D Printer
Hardware Store
SLA 3D Printer
McMaster
SLA 3D Printer
SLA 3D Printer
SLA 3D Printer
McMaster
Online Hardware Supplier
Online Hardware Supplier
McMaster

Maintenance Instructions
After initial assembly of the check valve during the manufacturing process, assembly and disassembly may
be required to service internal components of the valve. Common wear components are the Seal Rings,
which require full disassembly of the check valve internals for replacement. Instructions for disassembling
the check valve are included below.

1. Turn inlet and outlet ball valves to fully closed
2.

R-3

3. Unscrew the four flanged bolts connecting the Main Body Assembly to the Ball Valves and
remove Main Body Assembly from Ball Valves

4. Remove End Sleeve from Main Body Assembly by twisting and pulling on End Sleeve
5.

R-4

6. Remove both the Front and Rear Check Valves from the Main Body Assembly by pushing from
the outlet with a blunt object (I.E. back of screw driver)

7. Disassemble Front Check Valve by holding the Check Seat and Spring Retainer and twisting
counterclockwise
8.

R-5

9. Remove Poppet Assembly and Coil Spring from Spring Retainer

10. Disassemble Front Poppet by unscrewing Poppet Cap from Poppet Base
11. Repeat Steps 5 through 7 with Rear Check Valve components
12. Re-assembly of the Check Valve is the reverse of the above process
13.
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Installation Instructions
For full installation instructions for the redesigned check valve, refer to the Zurn 350XL installation
instructions, as the installation process is identical. A less detailed overview of the installation process is
included below.
1.
2.
3.
4.
5.
6.

Shut off water flow through pipe at desired installation location
Install check valve assembly with both ball valves closed
Slowly open the inlet check valve to full open
Vent excess air by opening all four test cocks
Slowly open outlet ball valve to full open
Check valve has now been installed and is in service

Troubleshooting Guide
Note that any troubleshooting methods used for the Zurn 350XL product are also applicable to the
redesigned check valve.
Problem
Leaking Valve Seals

Potential Causes
• Damaged o-ring
• Damaged o-ring sealing
surface

Poor Valve Performance

•
•
•

Damaged seal ring
Damaged internal
components
Worn out or damaged coil
spring
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Recommended Solutions
• Clean o-rings
• Inspect and replace o-rings
if necessary
• Sand o-ring sealing surfaces
with high-grit sandpaper
• Clean seal rings
• Inspect and replace broken
components if necessary

Appendix S: Uncertainty Analysis
We used the root-sum-square of the bias, precision, and repeatability of our pressure losses to determine
the uncertainty of our Pressure Differential Test. Our repeatability was the standard deviation of pressure
losses at similar flowrates and our bias was the recorded pressure loss at a flowrate of zero gpm. Our total
measurement uncertainty for this test was 0.0471psi.
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Appendix T: Design Verification Plan
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Appendix U: Gantt Chart
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